The amino-terminal region of the adenovirus type 5 Ela protein including conserved regions (CRs) 1 and 2 binds the 105-kDa retinoblastoma protein and a second, 300-kDa, cellular protein. We show that mutant viruses with deletions of CR1 which release the binding of either p105 or p300 still activate early promoters and infect cells productively. However, mutations which disrupt binding of both proteins disrupt early promoter activity and block the viral life cycle. Ela CR3, which has an established role in early promoter activation, can act in trans to the amino-terminal functions. This suggests that the amino terminus provides distinct, redundant functions related to p300 and Rb binding that synergize with CR3 to transactivate early genes. (40, 62, 90) . In cooperation with a second oncogene such as ras (75), Ela can induce full morphological transformation.
The amino-terminal region of the adenovirus type 5 Ela protein including conserved regions (CRs) 1 and 2 binds the 105-kDa retinoblastoma protein and a second, 300-kDa, cellular protein. We show that mutant viruses with deletions of CR1 which release the binding of either p105 or p300 still activate early promoters and infect cells productively. However, mutations which disrupt binding of both proteins disrupt early promoter activity and block the viral life cycle. Ela CR3, which has an established role in early promoter activation, can act in trans to the amino-terminal functions. This suggests that the amino terminus provides distinct, redundant functions related to p300 and Rb binding that synergize with CR3 to transactivate early genes.
The adenovirus type 5 (Ad5) Ela proteins belong to a group of polypeptides encoded by DNA tumor viruses which, in addition to acting on viral targets, modify host cell proliferative programs and thereby potentiate viral infection. These viral polypeptides include early gene products encoded by the adenoviruses, the papovaviruses, and the papillomaviruses (12) . The Ela proteins can induce host DNA synthesis (58, 64) . When the Ela gene is integrated into the genomes of primary cells, Ela proteins can immortalize cells (40, 62, 90) . In cooperation with a second oncogene such as ras (75) , Ela can induce full morphological transformation.
The Ela proteins are the major virus-encoded regulators of viral transcription (46, 81) . During infection, Ela gene expression is required for the activation of the five Ad5 early promoters (7, 45) . Ela also induces the activity of specific cellular promoters as well as various synthetic promoters (29, 48, 67, 84, 103) . Differential splicing of Ela transcripts produces 12S and 13S Ela mRNA species that encode, respectively, the small (243-amino-acid [aa] ) and large (289-aa) Ela proteins, which differ by an internal peptide specific to the 289-aa species (8, 20, 69) . Previous studies have demonstrated a role for the larger protein in early promoter activation (53, 63, 87) .
Sequence comparison of Ela proteins encoded by different adenovirus serotypes revealed three highly conserved regions (65) . Conserved region 1 (CR1) and CR2 span residues 41 to 80 and 120 to 139, respectively, and are present in both Ela proteins. CR3, which extends from aa 140 to 188, is unique to the 289-aa protein and contains the internal peptide retained by differential splicing. CR3 is required for the efficient transactivation of early viral gene promoters; these include the Elb, E2, E3, and E4 promoters (6, 7, 45, 66, 81, 87) . Viruses that encode only the 243-aa protein, which lacks CR3, poorly transactivate viral promoters. Nevertheless, the 243-aa protein has been reported to possess a transactivation function (11, 14, 52, 56, 97) . which were characterized initially by their molecular weights and later by their sites of interaction with Ela. Interaction of cellular proteins with molecular masses of 60, 105, 107 , and 130 kDa is dependent on CR2, with p105 binding also dependent on CR1 (24, 27, 96) , while a 300-kDa factor is dependent on sequences of the amino terminus including CR1 (24, 44, 85, 91, 96, 99) . The 105-kDa protein is the product of the retinoblastoma locus (Rb) (95) , the 60-kDa peptide is cyclin A (72) , and p107 is a factor related to the Rb protein (25) . p130 is structurally related to Rb, but its function remains to be characterized (21, 33, 57, 61) .
Studies of pRb and p107 reveal that they are regulators of transcription. The transcription factor E2F (51) is found in a physical complex with Rb protein (4, 5, 17, 19) , and Ela binding to Rb can disrupt this complex (3), as can binding by other DNA virus tumor antigens (18) . The p107 protein also forms complexes with E2F (13, 22, 55, 68) . Association of Rb with E2F inhibits E2F-dependent transcription (37, 94) . Because E2F is required for the activity of a number of genes whose products function in DNA synthesis, transcriptional regulation by Rb can control progression of the cell into S phase (9, 36, 88) . In agreement, induction of cellular DNA synthesis and cell immortalization by Ela are dependent on CR1 and CR2 in stably transformed cells (32, 64, 77, 83, 95, 102) . However, the individual contributions of CR1 and CR2 functions to productive infection have been less extensively investigated. The finding that mutant viruses with Ela proteins that have deletions within the amino-terminal region, at sites overlapping or neighboring CR1, grow in HeLa cells with kinetics similar to those of the wild type (83) Southern analysis. DNA was electrophoresed in a 0.9% agarose gel and transferred to nitrocellulose as previously described (76) . DNA was UV cross-linked by treatment with a UV Stratalinker 2400 (Stratagene) at 1200 ,uJ. Filters were hybridized to 32P-labeled DNA probes prepared by random oligonucleotide labeling (26) .
Immunoprecipitation. Ela-associated proteins were analyzed essentially as previously described (35) . Cells were grown in 6-cm-diameter culture dishes and were labeled with 250 to 500 ,uCi of Transfection. Calcium phosphate-mediated DNA transfection was performed essentially as previously described (2).
Cells were grown to a density of 0.5 x 106 per 10-cm-diameter dish. Four hours prior to transfection, fresh medium was added. For formation of stable cell lines, 1 ,ug of pRSVNEO was precipitated with 20 ,ug of pE2CAT vector with 5 ,ug of salmon sperm carrier DNA, and the precipitate was added dropwise to the dish. For selection of stably transformed cell lines, medium containing 400 ,ug of G418 per ml was added 48 h after transfection, and cells were subsequently passaged in medium containing G418.
Isolation of RNA and S1 nuclease analysis. RNA was isolated as described by M. Greenberg (2) . Briefly, cells were lysed in Nonidet P-40 buffer, nuclei were separated for nuclear run-on analysis, and cytoplasmic RNA was isolated from the cytoplasmic fraction by treatment with proteinase K (Boehringer) and subsequent extraction with phenol. S1 nuclease analysis was performed with 10 ,ug of total cytoplasmic RNA as previously described (2) .
Nuclear transcription run-off assay. Nuclei were prepared from at least two 15-cm-diameter dishes as described by Ausubel et al. (2) wild-type strain d1309 was barely detectable at 24 h postinfection (not shown) but became apparent at 40 h postinfection (Fig. 2B) . Despite a delay in the onset of replication, the phenotypes of the mutant viruses paralleled those seen in Chang liver cell infections. Replication is dependent on a CR3 function, since the 12S cDNA virus, d1347, was inactive at 40 h postinfection and replicated only after 70 h, and then at a level lower than the 13S cDNA virus, d/348 (data not shown). Significantly, the viruses with small deletions replicated to the same level as dl348, whereas the large deletion mutant viruses were defective in both the AG1523 cells and in BALB/c3T3 cells (Fig. 2C) . The fact that the replication phenotypes found in Chang liver cells were reproduced in AG1523 and BALB/ c3T3 cells indicates that the amino-terminal 70 aa of Ela provide a function necessary for virus growth in several types of nontransformed cells.
The defect in growth in BALB/c3T3 and AG1523 cells was not due to a lack of Ela protein expression, since immunoprecipitation from infected HeLa cells (Fig. 3A) and Western immunoblotting of infected Chang liver cell extracts (Fig. 3B (Fig. 5A) and Western analyses of DBP in infected BALB/c3T3 cells (Fig. SB) both show that viruses defective for replication are also defective for synthesis of high levels of DBP. This indicates that functions provided by the amino terminus are required for the efficient synthesis of E2 region-encoded protein. Most significantly, in both analyses, the small deletion mutant viruses subIdll05, sub/d11032, and subIdllO85 synthesized DBP at levels comparable to those of the wild-type virus, d1309, and comparable to those of the 289R-specific virus, dl348. The CR2 mutant dl922 expressed DBP at this high level as well, while the large deletion mutant viruses sub/d11004, sub/dl1006. subIdllO08, and subIdllO15 all expressed greatly reduced levels of DBP.
Analysis of early gene transcription. The reduced levels of DBP expression by large deletion mutant viruses suggested a defect in early-region E2 transcription or mRNA production. Northern (RNA) analysis of virus-infected BALB/c3T3 cells showed that wild-type and small deletion viruses express E2 mRNA at similar levels, while large deletion mutant virus E2a mRNA levels were decreased (data not shown). To determine whether early gene transcription was blocked, we performed nuclear run-on assays. Run-on RNA synthesized in nuclei from infected cells was hybridized to filters containing cDNA probes J. VIROL. were detected in wild-type or other infected cells, confirming that the cells were in the early phase of infection. Interestingly, with the large deletion mutant viruses, nascent transcripts from early regions 2, 3, and 4 were undetectable. In contrast, E2 transcripts were readily detected for sub/dlIO05, sub/d11032, and sub/dllO85 as well as the CR2 mutant d1922. E3 and E4
were also activated in the small deletion and d/922 mutant infections, with the possible exception of sub/dll085.
To determine whether the coordinate reduction of early gene transcription by the large deletion mutant viruses is a property specific to factors affecting the viral template and viral chromatin, we assayed transactivation of a viral promoter residing in cell chromosomal DNA. We stably integrated into BALB/c3T3 cells the vector, pE2-CAT. In the resulting cell line, the surrogate CAT gene is expressed from the E2a promoter during infection by viruses expressing wild-type Ela. As shown in Fig. 7 , control E2-CAT cells do not express basal CAT enzyme activity. However, when E2-CAT cells were infected with d1309, CAT activity significantly increased, indicating that the reporter gene is responsive to virally expressed Ela. The responsiveness of the chromosomally integrated E2a promoter to the different mutant Ela proteins was assayed by mutant virus infection of the E2-CAT cells. CAT assays of infected E2-CAT cell extracts shown in Fig. 7A and quantitated in Fig. 7B demonstrate that expression of the mutant 289-aa Ela proteins which failed to activate early promoters during infection also failed to activate the chromosomally integrated E2a promoter in the E2-CAT cells. Viruses expressing the small deletion mutant Ela 243R proteins were active at levels comparable to those of d/348, which expresses the wild-type 289R protein, and d/922, the CR2 mutant virus. We have previously shown that our large deletion mutant viruses which neither activate early transcription nor replicate DNA in nontransformed cells were phenotypically wild type in HeLa cells (83) . HeLa cells express the human papillomavirus type 18 sequences (78) encoding the E7 protein, which, like Ela, binds p105 and p107 (23) . Thus, in HeLa cells, the human papillomavirus type 18 E7 protein may provide functions lacking in the Ela large deletion mutants. E7 and Ela can dissociate E2F from its complexes with the pl05Rb and p107
proteins (18, 42, 98) , complexes in which E2F is repressed (see below). In agreement, both E7 and Ela can transactivate the AdS E2 promoter (70, 71) . Furthermore, expression of E7 in Chang liver cells confers permissive growth on the large deletion mutant viruses (97a).
Previous studies have indicated a role for the Ela amino terminus in transactivation (11) . The derepression of E2F
following Ela binding to pRb provides a mechanism for CR1-and CR2-dependent transactivation of E2F-regulated promoters (73) . In addition to regulating the E2a promoter, E2F regulates a number of cellular genes associated with G,/S progression, including the c-Myc and DHFR genes (9, 36, 88 We have previously shown that AdS's ability to induce cell DNA synthesis is lost by the large deletion mutant viruses (83) which also do not replicate viral DNA (Table 1 ). This suggests that Ela induction of viral DNA synthesis parallels Ela induction of cell DNA synthesis. If common Ela-dependent mechanisms control viral promoters for replicative functions and cellular genes for cell DNA replication functions, Ela could coordinately induce viral and cell replication to provide synergy between viral and cellular growth programs.
Other mechanisms besides Ela-dependent relief of Rb repression of E2F must, however, operate. We find that the E2a promoter is active in viruses with mutant Elas that fail to associate with p105, indicating a more complex regulatory relationship between Rb binding and early gene expression. Virus d1922, which has a deletion in CR2 and virus sub/d11005, with a small deletion in CR1, both express Ela proteins that fail to bind p105, yet they efficiently express E2a transcripts and DBP protein and also replicate viral DNA. Virus mutant d1922 also fails to bind p107, which like Rb forms a complex with E2F (13, 79, 82) . Ela mutant d1922 is also expected to fail to bind p130, which is related to p107 and p105 and associates with CR2 (79) . Ela mutant d1922 does associate with p300, a cellular protein which binds DNA (1, 74) and undergoes cell cycle-dependent phosphorylation (100). However, Ela mutants sub/d11032 and subIdllO85, neither of which associate with p300 but nonetheless can activate E2a transcription and late viral functions, show that binding of p300 is also dispensable for E2a activity.
The fact that individual cell protein binding to Ela is dispensable for early promoter activation is brought into focus (10, 35) , the ability to induce viral and cellular DNA synthesis (41, 83) , and the activation of proliferating cell nuclear antigen PCNA (47) also share this pattern. E2F is the most extensively characterized transcription factor regulated by the Rb protein (4, 43, 80) , but its functions alone cannot account fully for the general dependence of the activity of the early promoters besides E2a on the Ela amino terminus reported here and by Kraus et al. (52) . The other AdS early transcription units, including Elb, E3, and E4, are dependent on the amino-terminal functions, although they lack E2F binding sites in their respective promoters. Each early promoter utilizes a combination of transcription factors to activate transcription (46) . It is therefore possible that the other early promoters are dependent on transcription factors different from E2F which are also regulated by pRb through an Ela amino-terminal function. A broader role for pRb in transcription is indicated by evidence that additional DNAbinding proteins interact with pRb. Examples of these include Elf-1 (91), PU.1 (31) , Spl (49, 89) , MyoD (30) , and ATF-2 (50). Alternatively, it is possible that CR1 or flanking residues in the amino terminus act directly or indirectly on a component of the general transcription machinery which is necessary for viral early promoter activity.
Our results suggest functional redundancy in cell protein interaction with the amino terminus. The small deletion Ela mutants bind different combinations of cell proteins; nevertheless, each mutant virus efficiently activates its early promoters. This apparent redundancy between Ela-pRb and Ela-p300 interaction could arise by several mechanisms. It is possible that the cellular proteins which bind to Ela (e.g., p300K, plO5Rb, and p107) have several distinct transcription factors as targets, and a subset of the transcription factors may be sufficient for early gene expression. The fact that p300 can interact with the TATA factor provides direct evidence that the function of this Ela-associated protein affects transcriptional regulation (1 (46, 104) and interacts with TBP to facilitate the formation of a preinitiation complex (38) . These findings raise the possibility that CR3 acts as a bridge between ATF-2 and TBP (54 
